Functional inhibitory synapses form in auditory cortex well before the onset of normal hearing. However, their properties change dramatically during normal development, and many of these maturational events are delayed by hearing loss. Here, we review recent findings on the developmental plasticity of inhibitory synapse strength, kinetics, and GABAA receptor localization in auditory cortex. Although hearing loss generally leads to a reduction of inhibitory strength, this depends on the type of presynaptic interneuron. Furthermore, plasticity of inhibitory synapses also depends on the postsynaptic target. Hearing loss leads reduced GABAA receptor localization to the membrane of excitatory, but not inhibitory neurons. A reduction in normal activity in development can also affect the use-dependent plasticity of inhibitory synapses. Even moderate hearing loss can disrupt inhibitory short-and long-term synaptic plasticity. Thus, the cortex did not compensate for the loss of inhibition in the brainstem, but rather exacerbated the response to hearing loss by further reducing inhibitory drive. Together, these results demonstrate that inhibitory synapses are exceptionally dynamic during development, and deafnessinduced perturbation of inhibitory properties may have a profound impact on auditory processing.
Introduction
The regulation of synapse strength is a life-long process that permits neural circuits to adapt to an ever changing environment. This principle was initially established for excitatory connections, but inhibitory synapses are just as malleable, and many of the best examples emerge from studies on the central auditory system. During development, the strength of inhibitory synapses can decline or increase, as these connections become refined anatomically (for reviews, see Kandler et al., 2009; Sanes et al., 2009) . At the other chronological extreme, during senescence, a decline in synaptic inhibition is associated with a diminished computational capacity of brainstem and cortical single neurons (Caspary et al., 2008) . Perhaps, the most profound changes to inhibitory synapse function come about as a result of developmental hearing loss. This has been demonstrated at almost every level of the auditory neuraxis, and often includes a reduction in synaptic strength (for review, see Takesian et al., 2009) .
In this review, we describe the maturational changes to inhibitory synapse function in auditory cortex (ACx), and present evidence that chronic deprivation elicits unique effects at inhibitory synapses that depend on the specific pre-and postsynaptic neurons. One clear reason for the focus on ACx is that it inherits and filters subcortical inputs and serves as the primary sensory representation to decoding centers (Budinger et al., 2000 (Budinger et al., , 2006 Kaas and Hackett, 2000) . Furthermore, changes to ACx processing that occur during normal development or following to environmental manipulations -including hearing loss -are thought to involve the modification of intrinsic inhibitory networks (Calford et al., 1993; Rajan, 1998 Rajan, , 2001 Kimura and Eggermont, 1999; Raggio and Schreiner, 1999; Kral et al., 2000; Qiu et al., 2000; Noreña et al., 2003; Seki and Eggermont, 2003; Noreña et al., 2003; Chang et al., 2005; Razak and Fuzessery, 2007; Razak et al., 2008; Scholl and Wehr, 2008) .
Despite being outnumbered by excitatory neurons by almost 4:1, inhibitory connections exert a profound influence on the pattern and magnitude of cortical network activity. This may reflect both the expansive architecture of inhibitory axonal arbors as well as the unique functional properties of interneurons (ChagnacAmitai and Connors, 1989; Shuz and Palm, 1989; DeFelipe and Farinas, 1992; Bacci et al., 2003; Markram et al., 2004; Silberberg, 2008) . Most neurons in auditory cortex receive synaptic input from a broad range of the audible spectrum (Wehr and Zador, 2003; Kaur et al., 2004; Liu et al., 2007; Wu et al., 2008) . Furthermore, inhibitory interneurons may have even broader suprathreshold frequency tuning curves than excitatory cells (Atencio and Schreiner, 2008) . A basic implication of this convergence is that activation of inhibitory circuits is often associated with the sharpening of excitatory receptive fields, while inactivation broadens receptive fields (Müller and Scheich, 1988; Chen and Jen, 2000; Wang et al., 2000 Wang et al., , 2002 Foeller et al., 2001; Kaur et al., 2004) . The overall goal of this review is to demonstrate that even moderate developmental hearing loss leads to a pervasive failure of ACx inhibitory synapses to mature properly, an outcome that is expected to compromise rate or temporal codes, thereby reducing stimulus selectivity.
Experimental approaches
The amount of synaptic integration that occurs in auditory centers beneath the cortex is staggering. Therefore, to measure the function of cortical inhibitory synapses independent of the brain stem, one must stimulate inhibitory inputs selectively. This can be accomplished with a brain slice preparation of the auditory cortex that includes the projection from thalamus (Cruikshank et al., 2002) . With this approach, it is possible to deliver electrical stimuli to a small region of tissue, pharmacologically isolate inhibitory synaptic currents under voltage-clamp conditions, and record from inhibitory interneuron-pyramidal cell pairs (Fig. 1) . These methods were used to record from gerbil ACx neurons, and are covered in detail elsewhere (Kotak et al., 2005; Xu et al., 2007; Kotak et al., 2008; Takesian et al., 2010) . Neurons were recorded at postnatal (P) 8e11 (pre-hearing), or P17e22 (post-hearing, and age-matched hearing loss).
To measure the sub-cellular anatomical characteristics of single cortical inhibitory synapses, it is necessary to quantify images obtained from tissue processed for electron microscopic immunocytochemistry. Here, proteins localized to the presynaptic terminal (glutamic acid decarboxylase, GAD) or postsynaptic membrane (GABAA receptor b2/3 subunit) are bound with a specific antibody, visualized with a silver-intensified gold technique, and quantified at the ultrastructural level from photomicrographs. These methods were used in P17 gerbil ACx, and are covered in detail elsewhere (Sarro et al., 2008) .
Developmental hearing loss was induced surgically in gerbils aged P10. This is just prior to ear canal opening, an age when anteroventral cochlear nucleus cell number is unaffected by cochlear ablation (Tierney and Moore, 1997) . Sensorineural hearing loss (SNHL) was induced by removal of both cochleae, and conductive hearing loss (CHL) was induced by malleus extirpation on both sides, using procedures identical to those described previously (Vale and Sanes, 2002; Xu et al., 2007) . All protocols were reviewed and approved by New York University Institutional Animal Care and Use Committee.
Results and discussion

Unique pattern of inhibitory developmental plasticity in ACx
While studying the effect of hearing loss on synapse function in the auditory brainstem, we observed a significant loss of inhibition (Kotak and Sanes, 1996; Vale and Sanes, 2000) . Therefore, we first sought to determine whether there was a similar outcome in thalamorecipient ACx. There were two broad possibilities: either the cortex compensated for the loss of inhibition in the brainstem, or it exacerbated the response to hearing loss by further reducing inhibitory drive. Our initial studies used 3 different approaches to assess inhibitory function. First, spontaneous inhibitory synaptic currents (sIPSC) were recorded from gerbil layers 2/3 pyramidal cells in the presence of ionotropic glutamate receptor antagonists. Although sIPSC amplitude is quite variable in each recorded pyramidal neuron, there is consistent 30% reduction following hearing loss . Second, minimum-evoked IPSCs were obtained by delivering a minimally effective stimulus to a nearby region of cortex to elicit putative monosynaptic IPSCs from nearby GABAergic interneurons; the criterion for a minimum response is that half of the stimuli result in failures. This technique also reveals a >30% decline in the amplitude of putative unitary IPSCs following hearing loss . Finally, inhibitory postsynaptic potentials (IPSP) were recorded in response to a maxiumum intracortical stimulus, once again ionotropic glutamate receptor antagonists. These maxiumum-evoked monosynaptic IPSPs were declined by >50% following hearing loss (Kotak et al., 2005) . Each of these results were obtained with the more extreme form of hearing loss (SNHL), but similar reduction in inhibition can be observed with CHL (Takesian, Kotak, and Sanes, in submission) .
Spontaneous and minimum-evoked inhibitory synaptic currents offer a global estimate of inhibitory function, and this sort of data also provides an efficient way to compare multiple age or treatment groups. However, it is important to bear in mind that there are many types of inhibitory neurons in cortex, and they display distinct patterns of connectivity and function (Markram et al., 2004) . One must ultimately record the responses of individual interneurons to determine whether they are consistent with the conclusions drawn from less rigorous observations. Therefore, the synaptic properties were obtained for two major types of inhibitory interneurons, the fast-spiking (FS) and low-threshold spiking (LTS) cells. These cell types display characteristic intrinsic membrane and synaptic properties, and their terminals are targeted to different postsynaptic compartments on pyramidal cells (Gibson et al., 1999; Beierlein et al., 2000 Beierlein et al., , 2003 Gupta et al., 2000; Di Cristo et al., 2004; Ma et al., 2010) . In particular, mature FS-evoked IPSCs are much larger than those elicited by LTS interneurons.
To assess the maturation of specific inhibitory connections in ACx, whole-cell recordings were obtained pairs of neurons: either presyanaptic FS and postsynaptic pyramidal neurons (FS/P), or presynaptic LTS and postsynaptic pyramidal neurons (LTS/P). As shown in Fig. 2A , the amplitude of FS/P IPSCs increases nearly 3-fold from the pre-to post-hearing period. In contrast, LTS/P connections display a larger IPSC in pre-hearing animals which then declines in amplitude (Fig. 2B ). For both types of interneurons, the normal developmental trajectory is disrupted by developmental sensorineural hearing loss. The IPSCs displayed by FS/P connections remain small, while those displayed by LTS/P connections remain relatively large (Fig. 2, 
red bars).
A recent developmental study reports that IPSP amplitude at FS/P connections declines after about P18 in layer 4 of mouse ACx. This apparent decrease of inhibitory strength seems to contrast with our finding on FS-evoked inhibitory currents ( Fig. 2A) . A possible explanation is that postsynaptic input resistance declines during this period, and would be expected to affect IPSPs recorded in current clamp mode (Oswald and Reyes, 2008) . In addition, there are sub-types of fast-spiking interneurons, and it is conceivable that the recordings from gerbils and mice were obtained from a different subpopulation of cells (Markram et al., 2004 ). Thus, it is possible that our recordings from layer 2/3 pyramidal neurons sampled a different subpopulation of inhibitory synapses as compared to those recorded from mouse layer 4 neurons. In vivo whole-cell voltage-clamp recordings obtained from rat ACx neurons indicate that the strength of sound-evoked inhibitory synaptic currents responses change little between the onset of hearing and adulthood, although the tuning properties do differ with age (Sun et al., 2010; Dorrn et al., 2010; see Froemke et al, this issue) . Although our data does suggest a dramatic increase in FS/P strength, it is possible that this could occur soon after the onset of hearing (Fig. 2B) . However, the strength of another type of inhibitory connection (LTS/P) declines, suggesting that tone-evoked responses may not reflect any single type of inhibitory connection (much as is the case for our sIPSC recordings).
The downregulation of ACx GABAergic transmission is consistent with findings from other sensory systems. For example, weakened connections between FS interneurons and pyramidal neurons are observed in the visual cortex of animals raised with monocular deprivation (Maffei et al., 2004) . Similarly, in the somatosensory cortex, deprivation by whisker trimming during a developmental period leads to a downregulation of GABAA receptors (Fuchs and Salazar, 1998; Bartley et al., 2008) . Since FS cells are endowed with fast membrane and spiking properties, they are likely to provide robust feed-forward inhibition to their targets to control spike timing (Swadlow et al., 1998; Gabernet et al., 2005; Cruikshank et al., 2007) . Thus, reduced gain of the FS-evoked inhibition is a general outcome of sensory deprivation, and the resulting enhanced excitability may have deleterious consequences for time-critical features of sensory processing.
Developmental SNHL leads to comparable changes in the strength inhibitory synapses in the gerbil inferior colliculus (IC), along with increases excitatory strength Sanes, 2000, 2002) . If compensatory mechanisms of this sort raise excitability in the IC, then one might have expected that sufficient activation would reach ACx synapses, resulting in their stability during hearing loss. An important mitigating factors to consider is that persistent hearing loss decreases the amount of soundedriven activity; only cellular changes that increase spontaneous activity should be capable of rescuing normal levels of activity. The existing evidence suggests that hearing loss tends to reduce both spontaneous and soundedriven activity in the CNS (Bock and Webster, 1974; Koerber et al., 1966; Born et al., 1991; Shepherd et al., 1999; Tucci et al., 1999 Tucci et al., , 2001 Lee et al., 2001; Cook et al., 2002; Yu et al., 2005) . Therefore, the changes observed in ACx probably reflect a net reduction in activity throughout the nervous system. The hearing loss-induced cellular changes in IC and ACx are expected to be cumulative, and may contribute to processing deficits (discussed below).
Developmental plasticity of inhibitory kinetics
Functional characteristics of GABAergic synaptic currents, such as their kinetic properties, are associated with the specific subunit composition of the heteropentameric GABAA receptor (Tia et al., 1996; Nusser et al., 1997; Vicini et al., 2001) . Therefore, we Takesian et al., 2010. examined the developmental trajectory of IPSC kinetics in ACx, and asked whether these properties were affected by hearing loss. When sIPSC are recorded from gerbil layers 2/3 pyramidal cells, they display a broad range of durations (Fig. 3A, left) . However, there is consistent transition with age, such that average duration declines by about 30% during the transition between pre-and posthearing (Fig. 3A, right) . A similar observation can be made on minimum-evoked IPSCs .
The developmental transition in IPSC kinetics could be explained by changes to the GABAA receptor subunit composition. This was tested pharmacologically with agents that selectively bind to GABAA receptors that contain a specific subunit, and augment their response. Therefore, selective drugs were used to test for the presence of a1 or b2/3 subunits. As shown in Fig. 3B (left) , a b2/3-specific agent (loreclezole) has no effect on sIPSC duration in neurons from pre-hearing animals, but increases duration by almost 100% in post-hearing neurons. In a similar fashion, an a1-specific agent (zolpidem) is only effective in post-hearing animals in that it also prolongs sIPSC duration (Fig. 3B, right) .
Sensorineural hearing loss prevents the normal reduction in IPSC duration and the associated functional change in GABAA receptors. Fig. 3A shows that the duration of sIPSCs recorded from animals with hearing loss, recorded at the same age as the control post-hearing group, is not significantly different than that displayed by the pre-hearing group. Similarly, the b2/3-and a1-specific agonists did not change the duration of sIPSCs recorded from animals with hearing loss (Fig. 3B) . Together, these results suggest that GABAA receptors fail to undergo normal maturation when deprived of activity. The maturation of IPSC kinetics also diverges for the two interneuron classes. FS-evoked IPSCs acquire faster rise times during development, and hearing loss prevents this change; in contrast, the LTS-evoked IPSCs do not become faster (Takesian et al., 2010) . This data demonstrate a dissimilar pattern of development for the two types of interneurons. Furthermore, the results from paired recordings suggest that conclusions drawn from spontaneous IPSCs (Fig. 3A) are likely to be due to the FS connections.
The latencies, rise, peak, and decay constant of FS-evoked IPSPs recorded in mouse layer 4 decline after about P18 (Oswald and Reyes, 2008) , and this is generally consistent with our findings on spontaneous and evoked currents. Our results are also consistent with studies showing profound changes in developmental expression of specific subunits that correlate with the developmental modification in IPSC kinetics (Laurie et al., 1992; Vicini et al., 2001; Banks et al., 2002; Mody and Pearce, 2004; Bosman et al., 2005; Huntsman and Huguenard, 2006; Ing and Poulter, 2007) . Therefore, these studies strongly imply that the decreased amplitude and prolonged kintetics of inhibition are partly due to an arrest in the normal development of GABAA receptor subunit expression.
Sub-cellular localization of GABA A subunit and GAD reflect functional changes
The electrophysiological results indicate that inhibition becomes weaker, particularly at FS/P connections, following developmental hearing loss. Moreover, the ineffectiveness of a1 or b2/3 subunit-specific agonists (Fig. 3B) suggests that GABAA receptor expression or sub-cellular localization has been disrupted.
Since both b2 and b3 play a role in agonist sensitivity by forming the binding sites for GABA and its potentiator, loreclezole (for review see, Möhler, 2006) , we examined the quantitative distribution of an antibody directed against the b2/3 subunit in ACx tissue from control and age-matched hearing loss animals. Using an electron microscopic immunocytochemical procedure, silver-intensified colloidal gold (SIG) particles were localized to specific membranous or intracellular compartments at symmetric synapses.
The b2/3 labeling of postsynaptic membrane was reduced by more than 50% following developmental hearing loss (Sarro et al., 2008) . However, there was no significant difference in the total frequency of immunoreactivity encountered per unit area. Therefore, hearing loss apparently leads to failed trafficking of the b2/3 subunit to the synaptic membrane. When the analysis was restricted to neuronal somata that could be characterized as either pyramidal or interneuronal (presumed GABAeric interneurons), only the pyramidal neurons displayed a loss of membranous b2/3 (Fig. 4A ). This suggests that inhibitory synapses to the excitatory pyramidal cells become selectively weakened. Furthermore, the results lead to the prediction that inhibitory synapses onto inhibitory interneurons would not be weakened by hearing loss.
Electrophysiological findings suggest that changes to the presynaptic terminal also occur following hearing loss Takesian et al., 2010) . Therefore, the electron microscopic immunocytochemical procedure was used to localize the ratelimiting enzyme for GABA synthesis, glutamic acid decarboxylase (GAD). There was a net increase in GAD localized at ACx inhibitory terminals (Sarro et al., 2008) . When the analysis was restricted to terminals on pyramidal versus interneuronal somata, the change was once again found to be restricted to excitatory pyramidal cells (Fig. 4B) . This up-regulation may reflect a compensatory response to decreased postsynaptic efficacy due to loss of postsynaptic GABAA receptors. This finding is correlated with an increased frequency of sIPSCs following hearing loss, which also indicates a compensatory increase in GABA release . In summary, whereas hearing loss disrupts the pre-and postsynaptic GABAergic proteins at excitatory pyramidal neurons, this does not occur at interneurons.
Metaplasticity at ACx inhibitory synapses
Each synapse has a history of activity which can establish its current capacity to change with use, a phenomenon referred to as metaplasticity (Abraham and Bear, 1996) . While this principle has received broad support from studies on excitatory connections (Ehlers, 2003; Slutsky et al., 2004; Thiagarajan et al., 2007; Mockett and Hulme, 2008) , it is clearly operational for inhibitory connections in the auditory cortex. Here we describe two examples of inhibitory synapse metaplasticity: the first considers alterations to short-term depression, and the second considers long-term potentiation.
The short-term plasticity of inhibitory connections was initially examined by recording from layer 2/3 pyramidal neurons while stimulating local inhibitory afferents in the presence of ionotropic glutamate receptor antagonists (Takesian et al., 2010) . As shown in Fig. 5A , trains of stimuli elicit IPSCs that display short-term depression (STD) in pre-hearing neurons, but little depression is observed post-hearing. However, both conductive (CHL) and sensorineural (SNHL) hearing loss prevent this form of short-term plasticity from emerging. To clarify whether these characteristics apply to all ACx inhibitory synapses impinging upon L2/3 pyramidal cells, paired recordings were examined. Here, we found that the LTS/P synapses were responsible for the phenotype. LTS connections display a reduction of STD during normal development, but fail to undergo this transition following hearing loss (Fig. 5B) . The cellular basis for this short-term plasticity is mediated primarily by presynaptic GABAB receptors. These receptors decline during normal development, leading to the decline in depression, but remain following hearing loss (Takesian et al., 2010) The two major categories of interneurons display seemingly different responses to auditory deprivation: FS-evoked inhibition displays a reduction in basal synaptic strength while basal LTSevoked inhibition is unaltered, yet displays greater short-term depression (i.e., becomes weaker with use). Such dissimilar reactions may be related to the roles played by each interneuron type during stimulus processing. As discussed above, FS cells provide fast feed-forward inhibition to their targets at stimulus onset. Therefore, in the deprived brain, it would be necessary to decrease basal FS-evoked IPSCs to maximize the likelihood that an excitatory input would activate a postsynaptic pyramidal neuron at stimulus onset. In contrast, LTS cells respond weakly to initial thalamic activity, but provide slow, temporally integrated suppression of postsynaptic spiking during sustained stimulation (Beierlein et al., 2003; Tan et al., 2008) . In the deprived brain, it would be necessary to decrease LTS-evoked IPSCs after stimulus onset to preserve a postsynaptic response to sustained stimuli. Thus, each system the plasma membrane, as revealed by the SIG procedure (top). In this example from control tissue, a cluster of SIG particles (white asterisk) appears at the junction between 2 plasma membranes forming a symmetric synapse between an axon terminal (At) and a soma (S). A nearby asymmetric synapse, presumed to be excitatory, is unlabeled (arrow). The histogram (bottom), illustrates that the percentage of membranous b2/3 subunits was significantly lower (asterisk) on pyramidal neuron somata following hearing loss (HL), but this change did not occur at interneurons. (B) Electron micrograph of GAD65/67 immunolabeling, as revealed by the SIG procedure (top). In this example from HL tissue, SIG particles (white asterisk) are found within inhibitory axon profiles forming symmetric synapses, presumed to be inhibitory, onto adjacent somata (S). White arrow denotes the active zone. The histogram (bottom), illustrates that the density of GAD was significantly higher in axons targeting pyramidal neuron somata (asterisk) following hearing loss (HL), but this change did not occur at interneuronal somata. Scale bars are 500 nm. Adapted from Sarro et al. (2008) .
undergoes an appropriate homeostatic change to increase stimulus driven activity.
Inhibitory synapses, including those in ACx, can also display long-term adjustment in their gain. As shown in Fig. 6 , the IPSCs recorded in normal post-hearing pyramidal neurons display longterm potentiation (LTP) following the application of conditioning stimuli (Xu et al., 2010) . This form of plasticity depends on the brain-derived neurotrophic factor (BDNF)-TrkB signaling pathway which has been shown to influence the maturation of cortical inhibitory synapses (Huang et al., 1999; Kohara et al., 2007; Abidin et al., 2008; Hong et al., 2008) . When spontaneous and/or soundevoked activity is reduced during development, through either SNHL or CHL, there is a significant reduction of inhibitory LTP (Fig. 6 ). This appears to be due to a loss of available BDNF (Xu et al., 2010) , indicating that deprivation may affect function and plasticity via the same pathway. Together, these findings indicate that a history of activity is required for the normal emergence of both short-and long-term inhibitory synaptic plasticity.
Comparison to other systems
The profound changes in synaptic function associated with developmental hearing loss are consistent with a compensatory homeostatic response, similar to that observed in many other systems (Marder and Prinz, 2002; Turrigiano, 2007) . In this regard, we have previously discussed the relationship between homeostatic mechanisms observed in auditory cortex and those observed in other cortices or the auditory brainstem Sanes et al., 2009 ). While many of these studies suggest that neuron excitability is increased by hearing loss, due in part to reduced inhibition, it must be emphasized that there is a great diversity of mechanisms. For example, the efficacy of neuromodulators can be effected. In control animals, serotonin decreases layer 2/3 pyramidal neuron excitability, but this effect is lost following developmental hearing loss (Rao et al., 2010) .
Several in vivo findings from animals with hearing can be explained as resulting from a decline in synaptic inhibition, Fig. 6 . Both conductive (CHL) and sensorineural (SNHL) hearing loss disrupt inhibitory long-term plasticity in the ACx. Recordings were obtained from layers 2/3 pyramidal neurons in response to stimuli delivered in layer 4, and the change in IPSC amplitude was monitored over 70 min (left) . Following a series of conditioning stimuli (arrow), control neurons from post-hearing animals displayed long-term potentiation (black circles). In contrast, neurons from CHL and SNHL animals displayed less potentiation. The bar graph (right) plots the final percent increase in IPSC amplitude recorded at 50e60 min post conditioning, and shows that there was significantly less potentiation for both forms of developmental hearing loss (asterisks). Adapted from Xu et al., 2010 . , show that normal prehearing neurons display short-term depression which is reduced in post-hearing neurons. However, the short-term depression remains following developmental CHL or SNHL. The bar graph (right) plots the ratio of the 10th to the 1st IPSC in the train (highlighted with Gy bar in each example trace), as a measure of short-term depression. There is a significant increase in synaptic depression (i.e., reduction in the ratio) for neurons from animals with either form of developmental hearing loss. The interstimulus interval for this data is 120 ms. (B) Representative responses from paired LTS-pyramidal cell recordings in pre-hearing, post-hearing, and SNHL neurons (left). The bar graph (right) plots the ratio of the 10th to the 1st IPSC in the train (highlighted with Gy bar in each example trace), as a measure of short-term depression. There is a significant decrease of inhibitory short-term depression (i.e., increase in the ratio) at LTS synapses during normal development (pre-to post-hearing), but this change is not observed following developmental SNHL. The interstimulus interval for this data is 80 ms. Adapted from Takesian et al., 2010. including those that show a significant increase in excitability (Qiu et al., 2000; Kral et al., 2000; Noreña et al., 2003; Seki and Eggermont, 2003) . For example, when the cochlea is activated directly with stimulating electrodes in vivo, the threshold current is reported to be lower (i.e. better) in animals that have hearing loss as compared to controls (Raggio and Schreiner, 1999: Fallon et al., 2008) . While these findings will certainly not apply universally to all inhibitory cell types along the auditory neuraxis, let alone the auditory cortex, they do provide an explicit, plausible hypothesis that can be tested in vivo in future experiments.
Theoretical implications for auditory processing
Deafness-induced changes to inhibitory synaptic physiology raise a set of practical questions: Do these cellular changes impact auditory perception and, if so, do they result in diminished performance. Although purely speculative, subjects with hearing loss display certain perceptual characteristics that are consistent with a loss of inhibitory synaptic strength. For example, when tested at low sound levels, humans with certain forms of hearing loss display greater sensitivity to amplitude modulation as compared to control subjects (Formby, 1987; Glasberg and Moore, 1990; Bacon and Gleitman, 1992) . In a similar fashion, the subjective response to the intensity of a sound (i.e., loudness) near threshold is apparently greater for subjects with hearing loss (Buus and Florentine, 2002) . Behavioral findings from an avian species with hereditary high frequency hearing loss also suggest that intensity discrimination is somewhat better near threshold (Lauer et al., 2007) . Temporal integration time is another characteristic that differs being significantly smaller in subjects with hearing loss as compared to and controls (Florentine et al., 1988; Lauer et al., 2007) . While many explanations for these results are possible (e.g., Neubauer and Heil, 2004) , one plausible idea is that the weak inhibitory connections result in a relatively large response to small changes in level near threshold. Furthermore, the greater amount of short-term depression of excitatory synapses that attends CHL (Xu et al., 2007) may limit the sustained response to longer and louder sounds. Ultimately, an uncontrolled neural response at stimulus onset would be particularly disadvantageous in listening environments that include multiple sources and reverberation. These ideas have not yet been evaluated experimentally for cases of developmental hearing loss, but it is worth noting that gap detection thresholds are elevated in aging gerbils, but normal performance can be rescued with a drug that elevates GABA levels (Gleich et al., 2003) .
Summary
The decrease of inhibitory function that attends sensory deprivation is now a well-established principle. In the auditory brainstem, this has been demonstrated with anatomical, molecular, and elecrophysiological measures . In this review, we have summarized the evidence showing that changes ACx inhibitory transmission exacerbate this outcome, rather than compensating for reduced inhibition in the brainstem. This is not surprising for experimental SNHL because the system receives no cochlear drive; thus, adjustments to inhibitory synaptic strength can not amplify an input signal. In contrast, experimental CHL leaves the cochlea intact, spontaneously active, and able to respond to sound, albeit at a higher threshold. In this case, the dramatic reduction of brainstem inhibition might be expected to increase the gain of excitatory afferent drive to the ACx. Nonetheless, our findings indicate that ACx inhibitory synapses respond in a similar fashion to CHL and SNHL (Figs. 5 and 6), and probably contribute to elevating ACx excitability (Kotak et al., 2005) .
The normal development and plasticity of ACx inhibition can not be described with a single rule. Rather, the dynamic nature of inhibitory synapse function depends both on the specific type of pre-and postsynaptic neuron. Paired recordings demonstrate that the strength of FS-evoked IPSCs display a dramatic increase during development that is largely absent following hearing loss, whereas LTS cells exhibit the opposite phenotype (Fig. 2) . With respect to short-term plasticity, it is the LTS neurons that display the greatest plasticity (Fig. 5) . While these conclusions are valid for postsynaptic pyramidal neurons, quantitative EM results indicate that the rules are different for postsynaptic interneurons, where hearing loss does not lead to a reduction of membranous GABAA receptors. Finally, since our analyses have been restricted to the supragranular region, it remains possible that an entirely different set of rules operate amongst infragranular neurons.
Developmental hearing loss generally originates in the periphery, yet causes a pervasive impairment of CNS synapses and membrane properties. In particular, it has been suggested that inhibitory synapse dysfunction is a causative factor in many disorders, including hearing loss during early development or aging (for reviews, see Caspary et al., 2008; Sanes et al., 2009 ). These central changes could explain, in part, why children who experience even a transient loss of hearing can suffer long-term behavioral deficits, and perhaps why aging listeners with relatively normal thresholds can experience diminished speech comprehension. In this context, it is interesting to note that improvements in central processing and perception are correlated with stronger GABAergic transmission (Gleich et al., 2003; Leventhal et al., 2003; Edden et al., 2009 ). Thus, two fundamental predictions that emerge from the findings discussed above are that specific perceptual deficits will, eventually, be explained by ACx inhibitory deficits, and that rescuing normal inhibitory transmission will restore at least some degree of normal perceptual performance.
